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Abstract The critical aggregation concentration (CAC) for
fibril formation of β-lactoglobulin (β-lg) at pH 2 was
determined at 343, 353, 358, 363, and 383 K using a
Thioflavin T assay and was approximately 0.16 wt%. The
accuracy of the CAC was increased by measuring the con-
version into fibrils at different stirring speeds. The
corresponding binding energy per mol, as determined from
the CAC, was 13 RT (∼40 kJ mol−1) for the measured
temperature range. The fact that the CAC was independent of
temperature within the experimental error indicates that the
fibril formation of β-lg at pH 2 and the measured temperature
range is an entropy-driven process.
Keywords Protein fibrils .β-Lactoglobulin (β-lg) . Critical
aggregation concentration (CAC) . Binding energy . Entropy
Introduction
Amyloid fibrils are linear protein aggregates that are
typically micrometers long but only a few nanometers
thick. They can be formed from various food proteins like
egg white proteins1–5, soy proteins6, and whey proteins7–25.
The fibrils can, for example, be used as structurants and
thickeners to give food products a specific texture.
However, fibrillar protein aggregation is not only studied
because of its potential use in food products, but the
formation of fibrils is also related with amyloid diseases,
where the amyloid fibrils occur in proteinaceous deposits
called plaques26. Although the amyloid fibrils have been
studied in different research areas, there is a common interest
in knowledge about the formation and molecular structure of
the fibrils. The formation of amyloid fibrils is suggested to
be a generic form of aggregation26, 27. The amyloid fibrils
are characterized by a cross-β structure28, 29, where the β-
sheets are arranged parallel to the long axis of the fibril, with
their constituent β-strands perpendicular to this axis30, 31.
Another property of the amyloid fibrils is that they have the
ability to bind to amyloid specific dyes like Congo Red32
and Thioflavin T (ThT)33.
We are interested in the formation of fibrils of β-
lactoglobulin (β-lg), a globular protein that has a molar
mass of 18,400 g mol−1 and a radius of about 2 nm11.
β-lg has been extensively studied because it is readily
available in large quantities and because of its importance
to the food industry34. Fibrils are formed when β-lg is
heated at low pH, far from the isoelectric point of the
protein11, 14, 20, 24, 34, 35. Despite extensive studies on fibril
formation and the fact that it is known how to produce the
β-lg fibrils, the fibril formation process is still not
completely understood. For instance, the critical aggrega-
tion concentration (CAC), which is an important parameter
that can be used to estimate binding energies involved in
the fibril formation, is still under discussion. Having
reliable values for the CAC will lead to a better under-
standing of the fibril formation process. Values for the CAC
of fibril formation of β-lg at pH 2 that are reported in
literature show a large disparity. Arnaudov et al.21 defined
the critical concentration as the concentration where the
conversion of protein into fibrils was too low to be
determined with nuclear magnetic resonance spectroscopy;
in this case, 2.5 wt% was reported. However, in their
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atomic force microscopy pictures, fibrils were observed in
solutions with protein concentrations of 1 wt% β-lg21.
Rogers et al.23 found fibril formation in equivalent β-lg
solutions with concentrations as low as 0.5 wt%. In whey
protein isolate (WPI) solutions, where 65% of the protein is
β-lg, fibrils were formed at concentrations of 0.5 wt%
WPI24. This corresponds to a β-lg concentration of about
0.33 wt%. In short, in literature, the values for the CAC of
fibril formation of β-lg at pH 2 range from protein
concentrations as low as 0.33 wt% up to concentrations of
2.5 wt%.
In the present study, an alternative route is used to
determine the CAC for fibril formation of β-lg at pH 2
and elevated temperatures, i.e., by using the assumption
that flow will influence the kinetics of fibril formation
but not the thermodynamics. To obtain CAC values for
the fibril formation, the conversion of protein into fibrils
as a function of total protein concentration (0.2–2 wt%)
was measured. This was done using a ThT assay, which
is widely used to determine the presence of amyloid
fibrils and to examine the kinetics of fibril formation33,
34, 36–39. To increase the accuracy of the determination of
the CAC, fibrils were produced under different stirring
conditions (at rest, stirred at 290 rpm, and at 1,200 rpm).
The fibril formation starts with reversible aggregation,
and upon longer heating, the binding between the
building blocks of the fibrils becomes irreversible21, 25.
Therefore, the CAC at the start of the aggregation process
is treated as a thermodynamic equilibrium, and the
thermodynamic principles of self-assembly40 were used
to estimate the corresponding binding energy. The
temperature dependence of the CAC was used to estimate




β-lg was obtained from Sigma (product no. L0130, lot. no.
095K7006). A stock solution (about 9 wt%) was made by
dissolving the protein powder in HCl solution of pH 2. The
pH of the protein solution was adjusted to pH 2 with 6 M
HCl solution. Subsequently, this stock solution was filtered
through a protein filter (FD 30/0.45 μm Ca-S from
Schleicher & Schuell) to remove any traces of undissolved
protein. The protein concentration of the stock solution was
determined using a UV spectrophotometer (Cary 50 Bio,
Varian) and a calibration curve of known β-lg concen-
trations at a wavelength of 278 nm. The stock solution was
diluted to protein concentrations of 2, 1, 0.5, and 0.2 wt%
with HCl solution of pH 2.
Heating and Stirring
β-lg solutions of the various protein concentrations were
heated in small glass vials (20 ml) in a metal stirring and
heating plate for 24 h at 343, 353, 358, 363, and 383 K.
The protein solutions were stirred during heating at two
different stirring rates, corresponding to 290 and 1,200 rpm.
At 353 K, a series of protein solutions was also heated at
rest. All samples were heated in duplicates. The samples at
383 K were heated in glass vials (10 ml) with a crimp cap
(with septum of silicone/polytetrafluoroethylene 3 mm) to
allow pressures above atmospheric pressure.
Thioflavin T Fluorescence
The ThT fluorescence assay was used to measure the
conversion of protein into fibrils after heating the protein
solutions. A ThT stock solution (3.0 mM) was made by
dissolving 7.9 mg ThT in 8 ml phosphate buffer (10 mM
phosphate, 150 mMNaCl at pH 7.0). This stock solution was
filtered through a 0.2-μm filter (Schleicher & Schuell). The
stock solution was diluted 50 times in a phosphate buffer
(10 mM phosphate, 150 mM NaCl at pH 7.0) before use.
After heating the protein solutions, aliquots of the fibril
samples (48 μl) were mixed with 4 ml ThT solution and
allowed to bind to the ThT for 1 min. The fluorescence of
the samples was measured using a fluorescence spectro-
photometer (Perkin Elmer LS 50 B). The excitation
wavelength was set on 460 nm (slit width 4.0 nm), and
the emission spectrum was recorded between 470 and
500 nm (slit width 2.5 nm) at a scanning speed of 200 nm/
min. The fluorescence intensity was determined at 482 nm.
The fluorescence intensity of the ThT solution was




The fibril formation of β-lg at pH 2 was strongly dependent
on the heating temperature, as can be seen in Figure 1. The
optimal temperature for this fibril formation process, i.e.,
the temperature where the conversion was maximal, was
close to 353 K. A similar optimum was found for 0.5 wt%
β-lg under stirred conditions by Rogers et al.41.
To determine the CAC for fibril formation at 353 K,
the conversion of protein into fibrils was measured as a
function of the total protein concentration using a ThT
assay. From this, the CAC was determined by extrapo-
lating the conversion data to zero conversion. Figure 2
shows that the conversion of protein into fibrils is linearly
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related to the total protein concentration, with a slope
depending on the stirring rate. The influence of flow on
the conversion was also reported by other researchers25, 42,
43. Figure 2 shows that the three lines have a common
intersection point at 0.16 wt%, showing that the CAC for
fibril formation is not dependent on the stirring rate.
Reversely, the CAC can be determined accurately if one
uses different flow conditions. Indeed, the kinetics is
changed by the flow (i.e., slope of the lines in Figure 2);
the thermodynamics (intersection point of the lines in
Figure 2) is not.
Binding Energy
The thermodynamics of self-assembly was used to estimate
the binding energy, i.e., the decrease in the Gibbs free
energy when a fibril is extended by 1 mol of building
blocks40. For determining the CAC, we do not have to use
thermodynamic equilibrium properties. However, at the
concentration just below the CAC, thermodynamic equilib-
rium exists, and the principles of self-assembly are still
valid. The relation between the molar fraction of fibrillar
(i.e., linear) aggregates consisting of N building blocks, xN,
and the binding energy, α, is given by40
xN ¼ N x1  ea½ N ð1Þ
with α expressed in units of RT and where x1 is the molar
fraction of the building blocks. From Eq. 1, it follows that
for large N and for x1 becoming larger than ea, the right-
hand term becomes much larger than unity, invalidating the
requirement that xN should be smaller than 1. This implies
that x1;CAC  ea is a natural limit of the molar fraction of
building blocks and denotes the CAC. Above this concen-
tration, aggregates will be formed. The relation between the
CAC and α can thus be written as
x1;CAC  ea ð2Þ
At the optimal temperature for fibril formation (353 K),
the CAC, as determined from Figure 1 at a protein
concentration of 0.16 wt% x1;CAC ¼ 1:6 106
 
, leads
to a binding energy of 13.4 RT (39.1 kJ mol−1). Since the
fibril formation of β-lg is a complex process where several
mechanisms are involved, one should keep in mind that the
determined binding energy is the binding energy when the
fibrils are extended by 1 mol of building blocks. After this
initial binding, subsequently intermolecular β-sheet forma-
tion will take place14, 15, which will make the binding
stronger and irreversible, unless a strong chaotropic agent
like guanidinium chloride is added21, 25, 44.
Temperature Dependence of the CAC
To see the effect of temperature on the CAC and binding
energy of the fibril formation, the same experiments were
also performed at 343, 358, 363, and 383 K. For these
temperatures, the maximal conversion of protein into fibrils
as a function of the total protein concentration are shown in
Figure 3a–d. In order to measure the CAC, we need to
determine the protein concentration were the fluorescence
signal becomes zero (the CAC). This was done by
extrapolating the conversion data to zero conversion. A
priori the functional form of the conversion relative to
protein concentration is unknown. However, based on the
results at 353 K, we have assumed a linear relation between
the total protein concentration and the conversion of protein
into fibrils at all temperatures. All linear fits gave a R2>
0.94. The CACs and corresponding binding energies for all
Fig. 2 The protein concentration versus the conversion into fibrils of
β-lg solutions (pH 2) heated for 24 h at 353 K. The solutions were
stirred at 290 rpm (open squares) during heating, stirred at 1,200 rpm
(open triangles) during heating or heated in rest (open circles)
Fig. 1 Maximal conversion of protein into fibrils as a function of
temperature for various β-lg concentrations. Samples were stirred
during heating at 290 rpm. Closed circles 0.2 wt%, closed squares
0.5 wt%, closed triangles 1 wt%, closed diamonds 2 wt%
.
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temperatures are shown in Table 1. All the calculated
binding energies in Table 1 have a value of about 13 RT
(about 40 kJ mol−1), where the binding energy has a
shallow maximum at the temperature where the fibril
formation is maximal, 353 K.
Enthalpy and Entropy
Using de Van ‘t Hoff equation and the temperature
dependence of the CAC, the entropy and enthalpy of
aggregate formation can be determined (see for example,
Yu et al.45). For this, the following equations were used:
ΔG0 ¼ RT ln x1;CAC ð3Þ




ΔG0 ¼ ΔH0  TΔS0 ð5Þ
where ΔG0 and ΔH0 are standard molar Gibbs free energy
and molar enthalpy of aggregate formation and x1,CAC is the
molar fraction of the CAC. With ΔG0 and ΔH0, the molar
entropy of aggregate formation, ΔS0 can be obtained.
However, the values for the x1,CAC of fibril formation of β-
lg at pH 2 do not depend on the temperature (see Table 1)
within the experimental error. This means that ΔH0 is close
to zero, and as a result, we find that ΔS0 ﬃ  ΔG0T . Since
ΔG0 is in the order of −40 kJ mol−1 (see Table 1) the
change in entropy is positive, making the fibril formation
an entropy-driven process.
Conclusion
The relations between the protein concentration and the
conversion into fibrils were extrapolated to obtain the CAC
for fibril formation ofβ-lg at pH 2 and elevated temperatures.
The fibril formation took place under different stirring
speeds, and although the kinetics of the fibril formation was
Fig. 3 The protein concentra-
tion versus the conversion into
fibrils of β-lg solutions (pH 2)
heated at 343 K (a), 358 K (b) ,
363 K (c), and 383 K (d). The
solutions were stirred at
290 rpm (open squares) or
stirred at 1,200 rpm (open tri-
angles) during heating








α (RT) α (kJ mol−1)
343 0.33 3.2E−06 12.6 36.1
353 0.16 1.6E−06 13.4 39.1
358 0.23 2.3E−06 13.0 38.7
363 0.24 2.4E−06 12.9 39.1
383 0.25 2.5E−06 12.9 41.1
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influenced by the stirring speed, the CAC was not. This was
used to increase the accuracy at which the CAC was
determined. The corresponding binding energy was 13 RT
(∼40 kJ mol−1) for all measured temperatures. This
temperature independence indicates that the growth of
fibrils obtained from β-lg is an entropy-driven process.
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